Evolution toward high-level fluoroquinolone resistance in Francisella species.
Francisella tularensis, a CDC class A potential bioterrorism agent, is a Gram-negative bacterium responsible for tularaemia. Understanding the mechanisms of resistance to antibiotics used as first-line treatment is of major security relevance. We propagated the three parental reference strains Francisella tularensis subsp. holarctica live vaccine strain, Francisella novicida and Francisella philomiragia with increasing concentrations of ciprofloxacin, a fluoroquinolone used as curative and prophylactic treatment for tularaemia. This evolution procedure provided us with high-level ciprofloxacin-resistant mutants and all evolutionary intermediates towards high-level resistance. We determined the resistance levels to other fluoroquinolones (levofloxacin and moxifloxacin) and other antibiotic families (aminoglycosides, tetracyclines and macrolides) and characterized the genetic changes in the fluoroquinolone target genes encoding DNA gyrase and topoisomerase IV. All high-level resistant mutants shared cross-resistance to the tested fluoroquinolones, while some also revealed striking levels of cross-resistance to other clinically relevant antibiotic classes. High-level resistant mutants carried one to three mutations, including some not previously reported. We mapped all mutations onto known topoisomerase three-dimensional structures. Along the pathways towards high-level resistance, we identified complex evolutionary trajectories including polymorphic states and additional resistance mechanisms likely to be associated with efflux processes. Our data demonstrated the efficiency and speed of in vitro production of mutants highly resistant to fluoroquinolones in Francisella species. They emphasize the urgent need to identify all antibiotic resistance mechanisms in these species, develop molecular tools for their detection and design new therapeutic alternatives for tularaemia.